Introduction
The rock salt, due to its low permeability and excellent creep performance, is recognized as one of the most effective and stable storage medium for natural gas and oil, etc. [1] [2] [3] . Owing to the extensive distribution and relatively low cost, underground salt caverns (USC) are widely developed and used throughout the world. So far, more than 60 USCs in Europe have been constructed with the working gas capacity exceeding 500×10 8 m 3 .
Meanwhile, by the end of 2012, there were 40 salt cavern gas storages in America [4] [5] [6] . In order to ensure the availability of energy supply, the Chinese government is actively organizing the research and construction of underground salt storages. One of the main challenges is to analyze the stability and isolation (anti-permeability) properties of the USC' host rock. Dilatancy behavior is a good indicator reflecting damage and permeability of rock simultaneously [7, 8] .
In the underground geo-engineering field, a large number of studies on dilatancy have been conducted. An elasto-viscoplastic constitutive model describing dilatancy, healing, damage, failure, and deformation of rock salt was proposed in [9] . Through triaxial compression tests, the granite's permeability evolution during progressive failure was experimentally observed and numerically simulated in [10] . The results of an experimental investigation on the dilatancy behavior and its influence on USC, implying that the main reason for the isolation failure of salt gas storage is the generation and development of dilatancy in excavated disturbed zones along the boundary of the cavity and rock, was reported in [11] . Actually, in the process of constructing and operating salt cavern gas storages, the surrounding rock usually experiences an unloading stress path. Most of the aforementioned calculation models and methods were based on conventional compression tests, which because of certain limitations could not be used directly in analyzing the stability and isolation properties of USC. This work focuses on the dilatancy characteristics of rock salt for different factors (confining pressure, axis pressure and temperature) in an unloading path.
Test conditions and test scheme
The rock salt samples were collected from the Khewra salt mine, Pakistan and shaped into cylinders (50 mm×100 mm). The initial wave velocity of rock salt was measured using Ultrasonic Wave Technology (UWT), to examine the similarity among the samples. After that, the samples with no cracks and similar velocity were tested using the MTS815.03 Electro Hydraulic Servo Rock Experiment System.
The tests were divided into two steps. (i) Preparation/Loading phase: increase the confining pressure and the axis pressure to designed values with a loading rate of 0.02 MPa/s.
(ii) Unloading phase: Keep the axis pressure constant and gradually reduce the confining pressure to 0 at a constant speed.
Test results and discussions

The segmentation characteristics of dilatancy
A representative curve of the volumetric strain-deviatoric stress from the unloading tests is shown in Fig. 1 . The point where the volume dilatancy rate exceeds 10% of the initial dilatancy rate is defined as the dividing point (accelerated dilatancy point, ADP) of the two stages (the steady dilatancy stage and the accelerated dilatancy stage). Its corresponding stress is named after the critical deviatoric stress (σ c ). The difference in two stages is clear: (i) steady dilatancy stage: the original compacted pore and crack in the rock will re-open as the confining pressure gradually reduces. (ii) accelerated dilatancy stage: the interspaces and microcracks in the sample completely re-open, the stress concentration around the defects reaches the failure limitation, more and more original cracks propagate and new cracks initiate. Fig. 2b . It is clear that the axial pressure affects the dilatancy more strongly. When the axial pressure is 20MPa, 25MPa, 30MPa, and 35MPa, the corresponding critical deviatoric stress is 14.2 MPa, 17.4MPa, 21.6MPa, 25MPa, respectively. The critical stress is linearly dependent on the axial pressure (see inset in Fig 2b) .
The effect of temperature
The samples were tested at 15℃, 30℃, 45℃ and 60℃ (as shown in Fig. 3 ). As we can see, a higher temperature would not only lead to an advanced ADP but also to a higher dilatancy rate and amplitude. To further the investigation on unloading dilatancy, we measured the wave velocity after testing rock salt samples and calculated their damage value through formula (1).
where D is the damage, and both v′ and o v represent the wave velocity after test and the initial wave velocity, respectively. It can be found that the damage of rock salt increases as the temperature increases. Many scholars explained the effect of temperature via the ductility performance and plasticity performance of materials. The higher temperature would enhance the creep/fluidity.
Fig. 3. Deviatoric stress-volumetric strain curves for specimens at different temperatures
The dilatancy-damage model
The establishment of dilatancy damage model
During the unloading process in tests, the rocks experienced axial compression and radial expansion. It could be noticed that the deformation was uniform, inerratic, and no macroscopic crack occurred. In addition, it can be assumed that the deformation direction is consistent with the outward normal direction of the yield surface. The thermodynamic intrinsic dissipation rate inequality is:
where p F is the plastic potential function, V is the volume of the sample, m is the quality of the sample, R is the incremental of the yield surface, and Y is the damage strain energy release rate.
Assuming that damage is only relevant with the first invariant of stress tensor, according to the Von Mises criterion ( (1 ) / f m V a − = , f 0 is the initial void ratio of the sample, V 0 is the initial volume, and m is the rock mass. The damage calculated using this formula shows a good agreement with the damage measured by UWT with a narrow deviation (see Fig. 4 ). Therefore, it is reasonable to calculate the dilatancy-damage of rock salt using formula (6).
Fig. 4. Values of damage obtained by two different methods
The extended dilatancy damage model (I) The relationship between deviatoric stress and volumetric strain Surprisingly, there is a clear exponential relationship between the deviatoric stress and the volumetric strain. In addition, the fitting curves remain highly consistent with the test results. Here we only presented one case for the axial stress (35MPa) and the confining stress (20MPa), as shown in Fig. 5. Besides, fig. 6 shows that the increment of the dilatancy amplitude induced by the axial stress is larger than that induced by the confining stress. Thus, it is necessary to introduce two groups of undetermined coefficients (a 1 , a 3 , b 1 , b 3 ) to distinguish the different weights. The relationship is: Fig. 3 , the maximum volumetric strain of each curve was projected to the left coordinate plane and showed an approximate linear growth. If we define a basic test, the 'velocity factor' v k and the 'temperature factor' T k can be defined and imported to amend the formula (7) . 
where T , 0
0 V εT represent the unloading rate, the loading rate of the basic test, the volumetric strain and the volumetric strain of the basic test, respectively. Substituting formula (8) into formula (6), we can obtain the dilatancy-damage model given by formula (9) as a function of stress and temperature.
It is worth noting that these laws are obtained within the scope of the tests. If the stress condition changes, the 'velocity factor' v k and the 'temperature factor' T k may change concomitantly. For this model, it is easy to achieve the targeted values of involved parameters by the regression of pre-test data. In China, the general building depth of USCs ranges from 600m to 1800m. The operation gas pressure ranges from 5MPa to 18MPa. Accordingly, the vertical pressure and the horizontal pressure of surrounding rock vary from 15 to 45MPa and from 5 to 20MPa, respectively. The experimental scope in the unloading tests can almost cover practical situations. Therefore, the dilatancy model is suitable to predict the dilatancy deformation and damage evolution of the surrounding rock salt, as well as the variation of porosity and permeability if combined with the result by H. Alkan et al. [7] .
Conclusions
In the present work, the dilatancy characteristics and mechanisms of rock salt under the action of the unloading confining pressure were studied. It was found that the initial confining pressure has little influence on the dilatancy for rock salt. The growth of the axial pressure can promote the dilatancy and move the accelerated dilatancy point forward. Meanwhile, the critical deviatoric stress linearly increases with the axial pressure. As the temperature increases, the accelerated dilatancy point of the rock salt will advance by extending the accelerated dilatancy stage. Besides, the dilatancy rate and amplitude will be also enhanced. Moreover, the dilatancy-damage model based on the stress, the unloading rate and the temperature was established by theoretical derivation and numerical fitting. There is a good correlation between test results and the model. The scope of the experimental factors can cover the current situation of USC and can be helpful for predicting the dilatancy deformation and damage evolution.
